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The C. elegans postembryonic mesodermal lineage arises from a single cell M, which generates distinct dorsal and ventral cell types. We have
previously shown that mutations in the Schnurri homolog sma-9 cause ventralization of the M lineage and that wild-type SMA-9 antagonizes the
Sma/Mab TGFβ pathway to promote dorsal M lineage fates [Foehr, M.L., Lindy, A.S., Fairbank, R.C., Amin, N.M., Xu, M., Yanowitz, J., Fire,
A.Z., Liu, J., 2006. An antagonistic role for the C. elegans Schnurri homolog SMA-9 in modulating TGFbeta signaling during mesodermal
patterning. Development 133, 2887–2896]. Interestingly, loss-of-function mutations in the Notch receptor lin-12 cause dorsalization of the M
lineage [Greenwald, I.S., Sternberg, P.W., Horvitz, H.R., 1983. The lin-12 locus specifies cell fates in Caenorhabditis elegans. Cell 34, 435–444].
We have found that although LIN-12 protein is present in both the dorsal and ventral M lineage cells, its ligands LAG-2 and APX-1 are
asymmetrically localized in cells adjacent to ventral M-derived cells, and may function redundantly in promoting ventral M lineage fates. To
investigate how LIN-12/Notch signaling interacts with SMA-9 and Sma/Mab TGFβ signaling in regulating M lineage patterning, we generated
double and triple mutant combinations among lin-12, sma-9 and dbl-1 (the ligand for the Sma/Mab TGFβ pathway) and examined their M
lineage phenotypes. Our results suggest that the LIN-12/Notch pathway and the Sma/Mab TGFβ pathway function independently in regulating
dorsoventral patterning of the M lineage, with LIN-12/Notch required for ventral M lineage fates, and SMA-9 antagonism of TGFβ signaling
required for dorsal M lineage fates. Our work provides a model for how combined Notch and TGFβ signaling regulates the developmental
potential of two equipotent cells along the dorsoventral axis.
© 2007 Elsevier Inc. All rights reserved.Keywords: C. elegans; Mesoderm; Dorsoventral polarity; Notch; LIN-12; LAG-2; APX-1; DSL-1; TGFβ; SMA-9Introduction
The specification and diversification of multiple cell fates
from a single precursor cell require the precise spatial and
temporal coordination of many intracellular and extracellular
signals. Despite the high degree of complexity of cellular
processes, a remarkably few signaling pathways (Notch, TGFβ,
Wnt, Hedgehog, Jak/STAT, receptor tyrosine kinases and
nuclear hormone receptors) are used repeatedly in different
developmental contexts during the development of multicellular
organisms (Barolo and Posakony, 2002). The Notch signaling
pathway, in particular, is highly conserved and is used to⁎ Corresponding author. Fax: +1 607 255 6249.
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doi:10.1016/j.ydbio.2007.10.027regulate many different cell fate decisions. The Notch trans-
membrane receptors (LIN-12/Notch) are activated via the
transmembrane DSL (Delta/Serrate/LAG-2) class of ligands
(Mumm and Kopan, 2000). This activation promotes cleavage
of the receptor, allowing the LIN-12/Notch intracellular domain
(NICD) to enter the nucleus. Once in the nucleus, the NICD
interacts with the CSL (CBF1/RBPκ£-Su(H)/LAG-1) family of
DNA binding proteins to activate transcription of Notch-
responsive genes (Greenwald, 1998; Mumm and Kopan, 2000).
Although the general mechanisms underlying Notch signal-
ing are well understood, much less in known about how Notch
signaling is used in specific tissues to regulate discrete cell fate
decisions. A detailed understanding of how Notch and other
signaling pathways function in regulating different cell type
specific programs is crucial to our ability to dissect normal
animal development and to understand better how interruption
Fig. 1. Schematic representation of the C. elegans postembryonic mesodermal
lineage, the M lineage, in wild-type hermaphrodites. The corresponding stages
of M lineage development referred to in the paper are indicated on the left. Times
indicate hours post hatching at 25 °C. Shading indicates molt. Modified from
Sulston and Horvitz (1977).
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cellular contexts.
C. elegans has two Notch receptor homologs, LIN-12 and
GLP-1 (Greenwald et al., 1983; Austin and Kimble, 1987;
Priess et al., 1987). Other Notch signaling components include
the CSL DNA binding protein LAG-1 and the Mastermind-like
gene SEL-8/LAG-3, which are components of the transcrip-
tional activation complex inside the nucleus (Christensen et al.,
1996; Doyle et al., 2000; Petcherski and Kimble, 2000).
Additionally, there are 10 putative DSL ligands (including
LAG-2, APX-1 and DSL-1) in C. elegans that have been
identified based on the presence of a conserved DSL motif
(Chen and Greenwald, 2004). Previous studies have uncovered
multiple roles of the Notch signaling pathway in C. elegans,
including embryonic development, germline proliferation,
vulval development and mesodermal patterning (Greenwald,
2005). We are particularly intrigued by the role that LIN-12
plays in regulating dorsoventral patterning in the C. elegans
postembryonic mesodermal lineage, the M lineage.
The M lineage arises from a single precursor cell, the M
mesoblast, which is born during embryogenesis (Sulston and
Horvitz, 1977). During larval development, the M mesoblast
first divides along the dorsoventral axis to generate two
daughter cells, M.d and M.v. These two cells subsequently
give rise to distinct dorsal and ventral cell types. The dorsal cell,
M.d, gives rise to six body wall muscles (BWMs) and two non-
muscle coelomocytes (CCs), whereas the ventral cell, M.v,
gives rise to eight BWMs and two sex myoblasts (SMs). The
SMs subsequently migrate from the ventral posterior to the
presumptive vulval region where they each undergo three
rounds of cell division and differentiate into vulval and uterine
muscles (Fig. 1).
Previous work from Greenwald et al. (1983) has shown that
loss-of-function mutations in LIN-12 cause a ventral to dorsal
fate transformation in the M lineage. Specifically, the two SM
precursors on the ventral side of the animal (M.vlpa and M.
vrpa) behave like their dorsal counterparts (M.dlpa and M.drpa).
Both M.vlpa and M.vrpa fail to undergo the final rounds of cell
division that they normally would, resulting in the loss of two
SMs and two BWMs and the production of two extra CCs on
the ventral side (Fig. 4; Greenwald et al., 1983). Conversely,
lin-12(d) mutants display a duplication of the ventral M
descendants and a loss of the dorsal M descendants (Greenwald
et al., 1983). How LIN-12 regulates this dorsoventral
asymmetry in the M lineage is not well understood.
In this study, we carried out detailed analysis of the spatio-
temporal expression and requirements for the LIN-12 receptor
during M lineage development and have identified the ligand(s)
for LIN-12 function in the M lineage. Our results indicate that
while LIN-12 is present in both the dorsal and ventral M lineage
descendants, it is only active in ventral M lineage descendants.
Intriguingly, the M lineage phenotype of lin-12(0) mutants is
exactly the opposite of sma-9 mutants. SMA-9 is a Schnurri
homolog that is involved in regulating dorsoventral asymmetry
in the M lineage (Liang et al., 2003; Foehr et al., 2006).
Mutations in SMA-9 cause a duplication of ventral, and loss of
dorsal, M lineage cell fates, a phenotype that is exactly theopposite of lin-12(0) mutants (Foehr et al., 2006). We have
previously shown that mutants of the Sma/Mab TGFβ signaling
pathway have no M lineage defects on their own, yet they all
specifically suppress the M lineage defects of sma-9 mutants,
suggesting a model that SMA-9 antagonizes the Sma/Mab
TGFβ signaling pathway to promote dorsal M lineage fates
(Foehr et al., 2006). Given the genetic interaction between SMA-
9 and the Sma/Mab TGFβ pathway, and the opposite M lineage
phenotypes of sma-9 and lin-12(0) mutants, we have investi-
gated the relationship between LIN-12/Notch signaling, Sma/
Mab TGFβ signaling and SMA-9. Our results suggest that the
LIN-12/Notch pathway and the Sma/Mab TGFβ pathway
function independently in regulating dorsoventral patterning of
the M lineage, with LIN-12/Notch required for ventral M lineage
fates, and SMA-9 antagonism of TGFβ signaling required for
dorsal M lineage fates. Our work provides a model for how
combinedNotch and TGFβ signaling regulates the developmental
potential of two equipotent cells along the dorsoventral axis.
Materials and methods
C. elegans strains
Strains were maintained and manipulated under standard conditions as
described by Brenner (1974). Analyses were performed at 20 °C, unless
otherwise noted. The following strains were used in this work:
LG II: rrf-3(pk1426) (Sijen et al., 2001).
LG III: unc-36(e251) lin-12(n941)/dpy-19(e1259) lin-12(n137) and lin-12
(n302ar220)/dpy-19(e1259) lin-12(n137) (gifts from I. Greenwald), lin-12
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(Kodoyianni et al., 1992), glp-1(e2141ts) (Priess et al., 1987), lin-12
(n676n930ts) unc-32(e189) (Sundaram and Greenwald, 1993).
LG IV: dsl-1(ok810) (Chen and Greenwald, 2004).
LG V: him-5(e1467) (Hodgkin et al., 1979), lag-2(q420ts) (Gao and Kimble,
1995), apx-1(zu183) dpy-11(e224)/nT1 (Mello et al., 1994), dbl-1(wk70)
(Suzuki et al., 1999), rde-1(ne300) unc-42 (e270) (Tabara et al., 1999).
LG X: sma-9(cc604), sma-9(cc606) (Foehr et al., 2006).
The following transgenic lines with various reporter constructs were used:
GS956: arIs11[lin-12∷lacZ+rol-6(su1006)] (Wilkinson and Greenwald,
1995).
GS2146: arIs41[lin-12∷gfp+rol-6(su1006)] (Levitan and Greenwald, 1998).
arIs88 and arIs89 [apx-1∷lacZ, dpy-20(+), ceh-22::gfp] (Chen and
Greenwald, 2004).
JK2049: qIs19[lag-2∷gfp∷unc-54 3′UTR, rol-6(su1006)] (Gao and
Kimble, 1995).
arEx[dsl-1∷lacZ, dpy-20(+), ceh-22∷gfp] (Chen and Greenwald, 2004).
LW0081: ccIs4438(intrinsic CC∷gfp) III; ayIs2(egl-15∷gfp) IV; ayIs6(hlh-
8p∷gfp) X (Jiang et al., 2005).
Temperature shift experiments
lin-12(n676n930ts) unc-32(e189) ccIs4438 (intrinsic CC∷gfp) III; ayIs2
(egl-15∷gfp) IV; ayIs6(hlh-8p∷gfp) X animals were grown to gravid adults at
the permissive temperature, 16 °C. Animals were then collected, treated with
hypochlorite and the embryos plated onto NGM plates with OP50 bacteria at
either 16 °C (permissive) or 25 °C (restrictive) temperatures. The stage of M
lineage development (1-M, 2-M, 4-M, 8-M or N10-M stages; see Fig. 1) was
monitored by hlh-8p∷gfp, which labels all undifferentiated cells of the M
lineage (Harfe et al., 1998).
For temperature up-shift experiments, animals that had been allowed to
develop at 16 °C to various stages of M lineage development were shifted to
restrictive temperature and allowed to develop to adult stage, when all M
lineage cells have terminally differentiated. For temperature down-shift
experiments, animals that had been allowed to develop at the restrictive
temperature to various stages of M lineage development were shifted to the
permissive temperature and allowed to develop to adult stage. Terminally
differentiated M lineage products were assessed by both the CC∷gfp reporter
that labels coelomocytes and the egl-15∷gfp reporter that labels the type I
vulval muscles. Similar approaches were used for the temperature double-shift
experiments.
Phenotypic analysis of lag-2(q420ts) mutants
lag-2(q420ts); CC∷gfp or dsl-1(ok810); lag-2(q420); CC∷gfp animals
were grown to gravid adults at the permissive temperature, 16 °C. Animals were
then collected, treated with hypochlorite, and the embryos hatched in M9 buffer
at 16 °C for 24 to 72 h to synchronize L1 animals at the 1-M stage. These
synchronized L1 larvae were plated on OP50 seeded NGM plates and allowed to
grow at 16 °C, 22 °C or 25 °C. Terminal M lineage phenotypes were visualized
by epifluorescence and DIC microscopy.
RNAi
The following plasmids were used in the RNAi experiments (all yk clones
are gifts of Yuji Kohara, National Institute of Genetics, Japan):
lag-2: pMLF39, which contains exon 1 of lag-2 in pBluescript II SK+.
pMLF47, which contains exon 1 of lag-2 in L4440.
apx-1: yk678e9 and pMLF48, which contains the apx-1 cDNA from
yk678e9 in L4440.
dsl-1: pMLF38, which contains the entire dsl-1 coding region
amplified from genomic DNA in pBluescript II SK+, and the dsl-1
RNAi clone from the Ahringer RNAi feeding library (Kamath et al.,
2003).lag-1: pBS-lag-1-HA (gift from S. Jarriault and I. Greenwald, Columbia
University, NY), yk60c6 and yk153c4.
sel-8/lag-3: pJKL549.1, which contains exons 4 and 5 of sel-8/lag-3 in
pBluescript II SK+.
glp-1: pJKL508.2, which contains the last two exons of glp-1 in pBluescript
II SK+.
sma-9: yk127d10, yk6d10 and pJKL619.4, which has the N-terminus of
sma-9 from yk1185a11 cloned into pBluescript II SK+.
RNAi constructs for sma-3 and dbl-1 were retrieved from the ORFeome-
RNAi v1.1 library (Rual et al., 2004) and verified by sequencing.
For the RNAi feeding and soaking experiments, synchronized L1 worms at
the 1-M stage were grown on RNAi feeding plates (Kamath et al., 2003) with the
appropriate dsRNA expressing bacteria or soaked in 5× soaking buffer with
double-stranded RNA corresponding to the gene of interest (Amin et al., 2007).
Worms were soaked for 24 to 48 h at 16 °C, then plated on either OP50 seeded
NGM plates or RNAi-feeding plates and allowed to grow at the appropriate
temperature. Adult worms were scored for their terminal M lineage phenotypes.
Unless otherwise specified, all other RNAi experiments were performed by
injecting dsRNA into young or gravid adults of specific genotypes and the
progeny of the injected animals were scored at the adult stage for their terminal
M lineage phenotypes.
Antibodies, immunostaining and microscopy
For immunostaining, animals were fixed following the protocol of Hurd and
Kemphues (2003). Goat anti-GFP antibodies (Rockland Immunochemicals) and
mouse anti-β-galactosidase antibodies (Promega) were used at 1:50 dilution.
Rat anti-MLS-2 antibodies (Jiang et al., 2005) were used at 1:500 dilution,
guinea pig anti-FOZI-1 antibodies (Amin et al., 2007) were used at 1:200
dilution, and mouse monoclonal antibody MH27 (Priess and Hirsh, 1986) was
used at 1:1000 dilution. Secondary antibodies were from Jackson Immunor-
esearch Laboratories and used at 1:50 to 1:200 dilution. Differential interference
contrast and epifluorescence microscopy were performed using a Leica DMRA2
compound microscope. Images were captured by a Hamamatsu Orca-ER camera
using the Openlab software (version 5.0.2, Improvision). Subsequent image
analysis was performed using Adobe Photoshop CS and Adobe Illustrator CS.Results
lin-12 is not required prior to the 4-M stage for correct fate
specification in the M lineage
Previous studies by Greenwald et al. (1983) have shown that
lin-12 activity is required for the proper development of the M
lineage. Specifically, in lin-12(0) mutants the ventral cells
M.vlpa and M.vrpa produce two CCs instead of SMs, just as
their dorsal counterparts do (Fig. 4; Greenwald et al., 1983). To
determine the period during M lineage development when
lin-12 activity is required, we performed temperature shift
experiments using a temperature sensitive allele of lin-12,
n676n930ts (Sundaram and Greenwald, 1993).
lin-12(n676n930ts) unc-32(e189) hermaphrodite animals
grown at 16 °C showed normal numbers of CCs (nN100),
whereas 73.7% (n=99) of those grown at 25 °C had a
phenotype like the lin-12(0) mutants, with 4 M-derived CCs.
When we performed temperature down-shift experiments on
these mutants (see Materials and methods), none of the animals
shifted from 25 to 16 °C prior to the 4-M stage generated a
lin-12(0)-like M lineage phenotype (4 M-derived CCs), whereas
lin-12(0)-like M lineage defects were observed in animals that
were shifted from 25 to 16 °C at or after the 4-M stage (Table 1).
Table 1
Temperature-sensitive period for CC/SM fate specification in lin-12(ts)
hermaphrodites
Time of shift a Downshift (25 °C→16 °C) Upshift (16 °C→25 °C)
1-M 0/37 26/34
2-M 0/14 4/16
4-M 1/9 0/4
8-M 2/4 0/12
≥10-M 8/10 0/25
The number of animals with a lin-12(0) M lineage phenotype (4 M-derived
CCs)/total number of animals scored is indicated in the table.
a Stage of M lineage development.
Fig. 2. LIN-12 is expressed in the M lineage beginning at the 4-M stage. arIs41
[lin-12∷gfp+rol-6(su1006)] L1 animals at the (A) 1-M, (B) 2-M, (C) 4-M, (D)
8-M, and (E) 16-M stages. M lineage cells (Red) are labeled by anti-MLS-2 and
anti-FOZI-1 antibodies. lin-12∷gfp (Green) is labeled by anti-GFP antibodies.
Panels C–E have additional M lineage cells that are not in the focal plane of the
images. All images were taken at the same magnification (except for panel E)
and are lateral views of the animals with anterior to the left and dorsal upward.
Table 2
LIN-12, LAG-2 and APX-1 begin to be expressed at the 4-M stage
M lineage
stage a
lin-12∷gfp lag-2∷gfp apx-1∷gfp
n b Expression c n b Expression d n b Expression d
1-M 13 0% 43 0% 6 0%
2-M 13 0% 51 0% 19 0%
4-M 9 100% 16 100% 1 100%
6-M – – 6 100% 2 100%
8-M 12 100% 17 100% 5 100%
≥10-M 10 100% 35 100% 9 100%
a Stage of M lineage development.
b Number of animals scored.
c Percentage of animals scored with expression in M lineage cells.
d Percentage of animals scored with expression in cells adjacent to ventral M
lineage cells.
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(n676n930ts) unc-32(e189) hermaphrodites from 16 to 25 °C,
we observed lin-12(0)-like M lineage defects only in animals
that were shifted to 25 °C prior to the 4-M stage (Table 1). Our
results from double temperature-shift experiments (temperature
shift from 16 °C to 25 °C to 16 °C, or temperature shift from
25 °C to 16 °C to 25 °C) are consistent with those from the
above single temperature shift experiments (data not shown).
These temperature shift experiments indicate that the lin-12
temperature-sensitive period starts at the 4-M stage, that is, after
M.vl, M.vr, M.dl and M.dr are born. Although we cannot
determine how long it takes for LIN-12 activity to be reduced or
generated after the temperature shift, these experiments clearly
show that lin-12 activity is not required prior to the 4-M stage
for proper M lineage development.
LIN-12 protein is present symmetrically in both the dorsal and
ventral sides of the M lineage starting from the 4-M stage
We next asked where lin-12 is expressed with respect to the
M lineage, using an integrated line containing a functional lin-
12∷gfp translational fusion construct (Levitan and Greenwald,
1998) and markers for M lineage cells. Anti-MLS-2 (Jiang et
al., 2005) and anti-FOZI-1 (Amin et al., 2007) antibodies
together label all M-derived cells from the 1-M through the 18-
M stage. We detected no lin-12∷gfp expression in M lineage
cells at the 1-M and 2-M stages (Fig. 2; Table 2). However, at
the 4-M to 8-M stages, we observed lin-12∷gfp expression in
all M-derived cells, with the same intensity in both the dorsal
and the ventral sides (Fig. 2, Table 2). At the 10-M stage and
later, lin-12∷gfp is still detected in both dorsal and ventral
M-derived cells, but become more restricted along the
anteroposterior axis. As shown in Fig. 2, lin-12∷gfp appears
to be gradually lost in the anterior M lineage cells, but retained
in the posterior M lineage cells that are the precursors of CCs
(M.dlpa and M.drpa) and BWMs (M.dlpp and M.drpp) on the
dorsal side and precursors of SM/BWMs (M.vlpa and M.vrpa)
and BWMs (M.vlpp and M.vrpp) on the ventral side. This later
expression is consistent with LIN-12 regulating the SM/BWM
fate (M.vlpa and M.vrpa) in the M lineage. In addition, the
absence of lin-12 before the 4-M stage is consistent with our
temperature shift experiments showing that lin-12 activity is
not required before the 4-M stage for proper M lineage
development.LAG-2 and APX-1 are expressed in cells immediately adjacent
to ventral M-derived cells beginning at the 4-M stage
Because lin-12(0) mutants only affect ventral M lineage-
derived fates (Fig. 4), the presence of similar levels of LIN-12
protein in both dorsal and ventral M-derived cells suggests that
260 M.L. Foehr, J. Liu / Developmental Biology 313 (2008) 256–266LIN-12 may be asymmetrically activated due to the restricted
expression of its ligand(s). In an effort to identify the ligand(s)
functioning as the signal for LIN-12 in the M lineage, we
examined the expression patterns of two possible ligands lag-2
and apx-1 using a lag-2∷gfp translational reporter and an apx-
1∷lacZ transcriptional reporter (Gao and Kimble, 1995; Chen
and Greenwald, 2004). As shown in Fig. 3, both lag-2∷gfp and
apx-1∷lacZ are present in cells immediately adjacent to ventral
M lineage cells, but not next to dorsal M lineage cells. Further
co-localization using the MH27 monoclonal antibody (Priess
and Hirsh, 1986) indicated that the lag-2∷gfp and apx-1∷lacZ
expressing cells near the M lineage are hypodermal cells (data
not shown).
We found that the timing of expression for lag-2∷gfp and
apx-1∷lacZ was tightly controlled; we observed no expression
of either reporter before the 4-M stage (Fig. 3, Table 2). But at 4-
M and later, expression of both lag-2∷gfp and apx-1∷lacZ was
seen in 100% of the animals examined (Fig. 3, Table 2).Fig. 3. LAG-2 and APX-1 are expressed next to ventral M-derived cells
beginning at the 4-M stage. (A–D) qIs19 [lag-2p∷gfp∷unc-54 3′UTR; pRF4]
L1 animals at the (A) 1-M, (B) 2-M, (C) 4-M, and (D) 8-M stages. (E, F) arIs89
[apx-1∷lacZ, dpy-20(+), ceh-22∷gfp] L1 animals at the (E) 2-M and (F) 8-M
stages. M lineage cells (Red) are labeled by anti-MLS-2 and anti-FOZI-1
antibodies. lag-2p∷gfp labeled with anti-GFP antibodies (A–D) or apx-1∷lacZ
labeled with anti-β-gal antibodies (E, F) are shown in green. Panels C, D and F
have additional M lineage cells that are not in the focal plane of the images. The
cell marked by ⁎ in panel F is a ventral nerve cord cell labeled by anti-FOZI-1
antibodies. All images were taken at the same magnification and are lateral
views of the animals with anterior to the left and dorsal upward.Because both LAG-2 and APX-1 are transmembrane-bound
DSL ligands (Chen and Greenwald, 2004) and are likely to act
only on cells that they contact, our data suggest that LIN-12
activation is restricted to ventral M-derived cells because of the
spatially restricted expression of these ligands. The synchro-
nous timing of expression observed for lag-2∷gfp, apx-1∷lacZ
and lin-12∷gfp (Table 2) is consistent with LAG-2 and APX-1
being expressed at the right time to act as the signal for LIN-12
in the M lineage. In addition to LAG-2 and APX-1, we also
observed the expression of a transcriptional reporter dsl-1∷lacZ
(Chen and Greenwald, 2004) in the vicinity of M lineage cells
(data not shown). As DSL-1 is not a transmembrane protein, its
presence near M lineage cells suggests that it may also act as a
ligand for LIN-12 in the M lineage.
Reducing the level of lag-2 leads to M lineage defects similar
to those observed in lin-12(0) mutants
To further investigate whether LAG-2 might function as a
LIN-12 ligand in the M lineage, we examined the M lineage
phenotypes in a lag-2 temperature-sensitive mutant, lag-2
(q420ts) (Gao and Kimble. 1995). We allowed lag-2(q420ts)
embryos to hatch at 16 °C and then allowed the synchronized 1-
M staged animals to develop at three different temperatures,
16 °C, 22 °C, and 25 °C. As shown in Table 3, we observed M
lineage defects in these animals at all three temperatures: 2.1%
at 16 °C (n=229), 6.6% at 22 °C (n=270) and 11.1% at 25 °C
(n=235). The M lineage defects in these animals are similar to
those observed in lin-12(0) mutants: the presence of 1 to 2 extra
M-derived CCs and the concomitant loss of SMs on the ventral
side of the animal (Table 3 and data not shown). We will refer to
this phenotype as the lin-12(0)-like M lineage defect in the
remaining text.
We also performed lag-2(RNAi) via feeding and soaking (see
Materials and methods) in both the wild-type background and in
an RNAi-enhancing mutant background, rrf-3(pk1426) (Sijen
et al., 2001), but did not observe any M lineage defects (data not
shown). If LAG-2 is a LIN-12 ligand, we reasoned that we
might be able to detect M lineage defects when lag-2 is knocked
down in a LIN-12-compromised background. To this end, we
generated a double mutant carrying rrf-3(pk1426) and lin-12:
rrf-3(pk1426); lin-12(n676n930ts) unc-32(e189). This strain
does not exhibit any M lineage defects at 16 °C (data not
shown). At 22 °C, we observed a low level (5.4%, n=37, Table
3) of lin-12(0)-like M lineage defects. When these animals were
treated with lag-2 RNAi, 28.7% (n=94) exhibited the lin-12
(0)-like M lineage defects (Table 3). This enhancement of the
lin-12 phenotype by lag-2 RNAi as well as the lin-12(0)-like
phenotype exhibited in the M lineage of lag-2(ts) worms
suggest that LAG-2 acts as a ligand for LIN-12 function in the
M lineage.
APX-1 and DSL-1 may function redundantly with LAG-2 in
M lineage development
The low penetrance of M lineage defects in animals with
reduced levels of LAG-2 could be due to residual LAG-2
Table 3
Reducing the levels of the DSL proteins LAG-2, APX-1 and DSL-1 cause lin-12(0)-like M lineage defects
Genotype N 3–4 M-CCs a p value b p value b
N2 [16 °C, 22 °C, 25 °C] N200 0 –
dsl-1(ok810) [22 °C] 185 0 –
dsl-1(RNAi) [22 °C] c 107 0 –
apx-1(zu183) dpy-11(e224) [22 °C] 100 0 –
apx-1(RNAi) [22 °C] c 116 0 –
lag-2(q420ts) [16 °C] 229 2.1% 0.04 e
lag-2(q420ts) [22 °C] 270 6.6% b0.01 e
lag-2(q420ts) [25 °C] 235 11.1% b0.01 e –
dsl-1(ok810); lag-2(q420ts) [25 °C] 109 15.6% b0.01 e 0.24 f
rrf-3(pk1426); lin-12(n676n930ts) unc-32(e189); control RNAi d [22 °C] 37 5.4% –
rrf-3(pk1426); lin-12(n676n930ts) unc-32(e189); lag-2(RNAi) [22 °C] 94 28.7% b0.01 g
lag-2(q420ts); control RNAi d [22 °C] 65 4.6% – –
lag-2(q420ts)lag-2(RNAi) [22 °C] 70 10% 0.23 h 0.23 h
lag-2(q420ts); dsl-1(RNAi) [22 °C] 59 6.7% 0.60 h 0.60 h
lag-2(q420ts) apx-1(RNAi) [22 °C] 27 7.4% 0.59 h 0.59 h
dsl-1(ok810); lag-2(q420ts); control RNAi d [22 °C] 27 11.1% – 0.25 h
dsl-1(ok810); lag-2(q420ts) lag-2(RNAi) [22 °C] 92 14.1% 0.69 i 0.05 h
dsl-1(ok810); lag-2(q420ts) apx-1(RNAi) [22 °C] 39 23% 0.22 i b0.01 h
Brackets denote the temperature at which the experiment was performed.
a 3–4 M-CCs refers to a lin-12(0)-like M lineage phenotype, with 3–4 M lineage-derived CCs. CCs were counted using the CC∷gfp marker and confirmed using
Nomarski optics. Percentages of animals showing a lin-12(0)-like M lineage phenotype are indicated in the table.
b p values were calculated by chi-square test.
c RNAi was performed in the rrf-3(pk1426) background.
d Control RNAi refers to soaking worms in M9 buffer and feeding them on bacteria carrying the L4440 empty vector.
e The p values for this group were generated by comparing the penetrance of M lineage defects of each listed mutant with that of N2.
f The p value was generated by comparing the penetrance of M lineage defect of dsl-1(ok810); lag-2(q420ts) [25 °C] with that of lag-2(q420ts) [25 °C].
g The p value was generated by comparing the penetrance of M lineage defect of rrf-3(pk1426); lin-12(n676n930ts) unc-32(e189); lag-2(RNAi) [22 °C] with that
of rrf-3(pk1426); lin-12(n676n930ts) unc-32(e189); control RNAi [22 °C].
h The p values for this group were generated by comparing the penetrance of M lineage defects of each listed mutant with that of lag-2(q420ts); control RNAi
[22 °C].
i The p values for this group were generated by comparing the penetrance of M lineage defects of each listed mutant with that of dsl-1(ok810); lag-2(q420ts);
control RNAi [22 °C].
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LAG-2 in regulating M lineage development. Two putative
DSL ligands, apx-1 and dsl-1, are expressed in cells near M-
lineage cells (Fig. 3 and data not shown). We therefore tested
whether apx-1 and dsl-1 may function redundantly with lag-2
in M lineage development by looking at the M lineage
phenotypes in double and triple mutant animals.
We did not observe any M lineage defects in either apx-1
(zu183) dpy-11(e224) (Mello et al., 1994) or dsl-1(ok810)
(Chen and Greenwald, 2004) single mutant animals (Table 3).
apx-1(zu183) is a maternal effect lethal mutation, and dsl-1
(ok810) is a deletion allele. We also did not observe any M
lineage defects when apx-1 or dsl-1 were knocked down by
RNAi via feeding and/or soaking in either wild-type, rrf-3
(pk1426), or rrf-3(pk1426); lin-12(n676n930ts) unc-32(e189)
animals (Table 3 and data not shown). This lack of any observed
M lineage phenotype suggests that neither apx-1 nor dsl-1 is
essential for M lineage development.
We next tested whether reducing the level of apx-1, dsl-1, or
both apx-1 and dsl-1 in the lag-2(q420ts) background would
result in increased penetrance of M lineage defects. As shown in
Table 3, reducing apx-1 or dsl-1 alone in the lag-2(q420ts)
background resulted in slight, but not statistically significant,
increases in the penetrance of M lineage defects when compared
to lag-2(q420ts) mutant alone. However, reducing apx-1 in thedsl-1(ok810); lag-2(q420ts) double mutant background resulted
in a statistically significant increase in the penetrance of M
lineage defects when compared to lag-2(q420ts) mutant alone
(Table 3). We did experience some variability between
experiments, likely due to the variability of RNAi efficiency.
Nevertheless, our data are consistent with the possibility that
APX-1 and DSL-1 function redundantly with LAG-2 in M
lineage development.
The extended LIN-12 signaling pathway is required for ventral
cell fates in the M lineage
To further investigate the function of the LIN-12 signaling
pathway in the M lineage, we asked whether two other
components of the Notch signaling pathway, LAG-1 and
SEL-8/LAG-3 (Christensen et al., 1996; Doyle et al., 2000;
Petcherski and Kimble, 2000), also play a role in the M lineage.
Because LAG-1 and SEL-8/LAG-3 are both required for
embryonic development, we used RNAi-defective rde-1
(ne300) mutants (Tabara et al., 1999) to bypass the embryonic
arrest by first injecting dsRNAs against lag-1 and sel-8/lag-3
into rde-1(ne300) animals and then crossing the injected
animals with wild-type males to rescue the zygotic RNAi
machinery (Materials and methods). Using this method, we
observed modest lin-12(0)-like M lineage defects in the lag-1
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other Notch receptor homolog in C. elegans (Austin and
Kimble, 1989; Yochem and Greenwald. 1989). We found no M
lineage defects either in glp-1(RNAi) animals or in two glp-1ts
alleles (bn18 and q224) at the restrictive temperature (25 °C)
(Table 4, data not shown). Thus, LIN-12 is the sole Notch
receptor required for mediating proper signaling through lag-1
and sel-8/lag-3 in the M lineage.
sma-9(0); lin-12(0) double mutants reverse the dorsoventral
polarity of the M lineage
We have previously demonstrated a requirement for the
Schnurri homolog, SMA-9 in regulating dorsoventral patterning
of the M lineage (Foehr et al., 2006). Mutations in sma-9 cause
an M lineage phenotype opposite to that seen in lin-12(0)
mutants: sma-9(cc604) mutants lose dorsal M-derived cell
types (Foehr et al., 2006) and lin-12(0) mutants lose ventral M-
derived cell types (Greenwald et al., 1983). Interestingly, while
Sma/Mab TGFβ signaling pathway mutants have no M lineage
defects, they all specifically suppress the M lineage defects of
sma-9, suggesting that SMA-9 prevents the Sma/Mab TGFβ
signaling pathway from promoting ventral M-derived cell fates
in the dorsal M lineage (Foehr et al., 2006). These data raise the
intriguing possibility that perhaps there are interactions between
SMA-9, the LIN-12/Notch and the Sma/Mab TGFβ signaling
pathways in regulating M lineage development.
To examine whether there is any genetic interaction between
sma-9 and lin-12, we generated double mutants carrying sma-9
(cc604) and a null allele of lin-12, lin-12(n941) (Wen and
Greenwald. 1999), and examined their M lineage phenotypes.
We observed an interesting and unique M lineage phenotype in
lin-12(n941); sma-9(cc604) double mutant animals different
from that of either single mutant (Fig. 4). The proper numbers of
each M-derived cell type are present in the double mutant
(n=57); however, the polarity of the M lineage is reversed.
Direct observation of the M lineage in lin-12(n941); sma-9
(cc604) mutant animals using CC∷gfp and hlh-8p∷gfp (labels
the SMs; Harfe et al., 1998) showed that in the double mutants,
the two M-derived CCs were born ventrally and remained there,
whereas the SMs were born dorsally but migrated to the ventral
side near the presumptive vulva and properly proliferated andTable 4
LAG-1 and SEL-8 are required for M lineage development
Genotype a N 3–4 M-CCs
rde-1(ne300)/+; control RNAi N100 0
rde-1(ne300)/+; lag-1(RNAi-pBS-lag-1-HA) 53 18.9%b
rde-1(ne300)/+; lag-1(RNAi-yk60c6) 48 8.3%b
rde-1(ne300)/+; lag-1(RNAi-yk153c4) 33 9.2%b
rde-1(ne300)/+; sel-8(RNAi-pJKL549.1) 48 20.8%b
rde-1(ne300)/+; glp-1(RNAi-pJKL508.2) 64 0
All animals were examined at 20 °C.
a The animals examined were cross progeny derived from crossing wild type
males with rde-1(ne300) hermaphrodites that were injected with buffer only
(for rde-1(ne300)/+; control RNAi) or with the specific dsRNA indicated.
b Percentages of animals showing a lin-12(0)-like M lineage phenotype are
indicated in the table.differentiated into sex muscles (n=5; Fig. 4). This reversed
polarity phenotype was not due to allele-specific interactions
between lin-12 and sma-9 because the same phenotype was
also observed in lin-12(n941); sma-9(cc606) and lin-12
(n302ar220); sma-9(cc604) double mutant animals (data not
shown).
To extend our analysis to other components of the LIN-12/
Notch pathway, we next examined whether sma-9; lag-1(RNAi)
mutant animals also exhibit the “reversed M lineage polarity”
phenotype seen in lin-12(0); sma-9 double mutants. For this
purpose, we first generated an rde-1(ne300) unc-42(e270);
sma-9(cc604) mutant strain and injected into these animals
dsRNA against lag-1 (using pBS-lag-1-HA as a template for
making lag-1 dsRNA; see Materials and methods). We then
crossed the injected animals with sma-9(cc604) males, and
examined the cross progeny (with a genotype of rde-1(ne300)
unc-42(e270)/+; lag-1(RNAi); sma-9(cc604)) for their M
lineage phenotype. Fifteen percent of the cross progeny
examined (n=60) exhibited the “reversed M lineage polarity”
phenotype seen in lin-12(0); sma-9 double mutants. Thus, loss
of LIN-12/Notch pathway function in sma-9 mutants leads to
the reversal of dorsoventral polarity in the M lineage.
lin-12(d) mutant animals exhibit similar dorsal to ventral
transformations as sma-9(cc604) mutants (Greenwald et al.,
1983; data not shown). Double mutant animals carrying sma-9
(cc604) and a lin-12(d) allele, lin-12(n137) had 4 SMs and 0 M-
derived CCs, similar to either single mutant alone (data not
shown).
Interactions among SMA-9, LIN-12/Notch and the Sma/Mab
TGFβ signaling pathway in dorsoventral patterning of the
M lineage
The reversal of dorsoventral polarity of the M lineage in lin-
12(0); sma-9(cc604) double mutants could be due to an additive
phenotype of the two single mutants or might reflect more
complex interactions. To distinguish between these possibili-
ties, the expression pattern of lin-12∷lacZ in the M lineage of
sma-9 mutants was examined; no difference from wild-type
animals was observed (data not shown), indicating that sma-9 is
not regulating LIN-12 expression in the M lineage.
We then tested whether there were any genetic interactions
between the Sma/Mab TGFβ signaling pathway and the LIN-
12/Notch signaling pathway in the M lineage. We generated
double mutants carrying dbl-1(wk70) and the loss of function
allele lin-12(ar220n302). The lin-12(ar220n302); dbl-1(wk70)
double mutants had four M-derived CCs just like the lin-12
(n941) single mutants (Fig. 4). Similarly, lin-12(ar220n302);
dbl-1(wk70); sma-9(RNAi) and lin-12(ar220n302); dbl-1
(RNAi); sma-9(cc604) mutant animals also showed the same
M lineage phenotype as lin-12(n941) single mutants (data not
shown).
We also generated double mutants carrying dbl-1(wk70) and
lin-12(n137), a gain of function lin-12 allele. The lin-12(n137);
dbl-1(wk70) double mutant animals displayed the same
phenotype as lin-12(n137) animals, with no M-derived CC
and extra SMs (Fig. 4). The same M lineage phenotype was also
Fig. 4. Double mutant analysis among sma-9 and mutants in the TGFβ and LIN-12/Notch signaling pathways. Phenotypes (A–F) and the corresponding schematic
diagrams (A′–F′) of the M lineage in wild-type and mutant animals. Red arrowheads: M-derived CCs labeled with either intrinsic CC∷gfp (A, B) or secreted CC∷gfp
(C–F). Blue arrows: SMs labeled with hlh-8p∷gfp. Blue arrowheads: VM1s labeled with egl-15∷gfp. ⁎ Position of the vulva. All animal views are lateral with
anterior to the left and dorsal up. All animals are young adults except the one in panel D, which is at the L2 stage: SMs in these animals are born on the dorsal side
before they migrate to the ventral region near the presumptive vulva. (A, A′) wild type. (B, B′) sma-9(cc604), showing a loss of dorsal M-derived CCs and a gain of
extra vm1s as a result of duplication of ventral M-derived cells. (C, C′) lin-12(n941), showing loss of ventral M-derived cells and duplication of dorsal M-derived cells
as indicated by the presence of four M-derived CCs. (D, D′) lin-12(n941); sma-9(cc604), showing a reversal of M lineage polarity, as indicated by the presence of M-
derived CCs on the ventral side and the two SMs on the dorsal side. (E, E′) lin-12(ar220n302); dbl-1(wk70), with the same M lineage phenotype as lin-12(n941),
compare to panel C. (F, F′) lin-12(n137); dbl-1(wk70), with multiple vulvae (marked by the ⁎) and the same M lineage phenotype as lin-12(n137) or sma-9(cc604)
single mutant, compare to panel B. Note small body size in panels B, E and F.
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shown). Together, these results indicate that lin-12 is epistatic to
dbl-1 and sma-3, and suggest that DBL-1 and SMA-3 function
either upstream of or in parallel to the LIN-12/Notch signaling
pathway in regulating M lineage development.
Discussion
The LIN-12/Notch signaling pathway is required for ventral
cell fates in the M lineage
Previously, it has been shown that lin-12(0) mutations cause
dorsoventral patterning defects in the M lineage, and that lin-12
is required for ventral cell fates (Greenwald et al., 1983). We
show that LIN-12 is the exclusive Notch receptor responsible
for M lineage patterning, as mutations in glp-1, the second
Notch homolog in C. elegans, have no effect on the M lineage.
Additionally, we show that the CSL DNA binding protein LAG-
1 and the Mastermind-like gene SEL-8/LAG-3 are required for
ventral cell fates in the M lineage.
Our data also indicate that LAG-2 is the major ligand for
LIN-12 signaling in the M lineage, as lag-2 mutants display
similar M lineage defects to lin-12(0) mutants. However,
LAG-2 may not be the only ligand for LIN-12 in the M lineage.
Reducing the level of apx-1 and/or dsl-1 expression in a lag-2
mutant caused more penetrant M lineage defects compared to
the lag-2 mutant alone, suggesting that APX-1 and DSL-1 may
share overlapping functions with LAG-2 in M lineage develop-
ment. This is similar to the finding of Chen and Greenwald
(2004) that LAG-2, APX-1 and DSL-1 function redundantly to
mediate lateral inhibition during vulval development.
Interestingly, even with the simultaneous reduction of lag-2,
apx-1 and dsl-1, we only observed a modest penetrance of M
lineage defects (Table 3). This could be due to inefficient RNAi
in the M lineage, as we have found that lin-12(RNAi) does not
cause any M lineage defects even though lin-12(0) mutant
animals display 100% penetrance of ventral to dorsal cell fate
transformations in the M lineage (data not shown; Greenwald
et al., 1983). It is also possible that other DSL proteins may
function in M lineage development. In addition to LAG-2,
APX-1 and DSL-1, seven additional potential DSL ligands have
been identified (Chen and Greenwald, 2004). Although we did
not observe any M lineage defects in mutants or animals treated
with RNAi for these remaining dsl genes (data not shown), we
cannot rule out the possibility that one or more of these proteins
are also able to compensate for the absence of lag-2, apx-1 or
dsl-1.
Previously, Wilkinson and Greenwald (1995) proposed that
LIN-12 is activated on the ventral side of the M lineage based
on their assaying of the lin-12 promoter activity in the M
lineage. Our work demonstrates that this is likely the case. As
shown in Figs. 2 and 3, while lin-12 is expressed in both the
dorsal and the ventral M lineage cells, both lag-2 and apx-1 are
expressed in cells immediately adjacent to ventral M-derived
cells, and the lag-2 mutant phenotype is similar to that of
lin-12(0) animals. Thus, activation of LIN-12 is likely restricted
to ventral M lineage cells. We believe that LIN-12 is activated inthe M lineage at the 4-M stage. This is the stage when we begin
to detect lin-12, lag-2 and apx-1 expression (Figs. 2 and 3).
This is also the first stage when LIN-12 function becomes
critical for M lineage development in the temperature shift
experiments (Table 1).
Genetic interactions between the Sma/Mab TGFβ and
LIN-12/Notch signaling pathways in the M lineage
Previous studies in vertebrates have shown that both TGFβ
and Notch signaling converge in regulating myogenic and
endothelial differentiation. In particular, both signaling path-
ways are integrated via the interaction of Notch intracellular
domain (NICD) with Smad proteins in the transcriptional
regulation of Notch target genes, and in the inhibition of
myogenic differentiation and endothelial cell migration (Dahlq-
vist et al., 2003; Blokzijl et al., 2003; Itoh et al., 2004). We have
shown that both Sma/Mab TGFβ signaling, which is antag-
onized by SMA-9, and LIN-12/Notch signaling control
dorsoventral patterning in the M lineage (Greenwald et al.,
1983; Foehr et al., 2006 and this work). Results from our double
and triple mutant analysis are consistent with the conclusion that
these two signaling pathways function independently to pattern
the M lineage along the dorsoventral axis.
lin-12(0) mutations result in dorsalization of the M lineage,
with the ventral M-derived SMs transformed into the dorsal
M-derived CCs. Mutations in sma-9, the C. elegans Schnurri
homolog, result in an M lineage phenotype opposite to that seen
in lin-12(0), that is, the dorsal M lineage derivatives are
converted to their ventral counterparts (Foehr et al., 2006). We
have shown that lin-12(0); sma-9(cc604) double mutants and
lag-1(RNAi); sma-9(cc604) double mutants exhibit a reversal
of dorsoventral polarity in the M lineage, an additive phenotype
of each single mutant alone, suggesting that the effects of
LIN-12/Notch signaling and SMA-9 on M lineage patterning
are independent of each other. Unlike the lin-12(0); sma-9
double mutants, lin-12(0); dbl-1(0) double, lin-12(0); dbl-1(0);
sma-9(RNAi) triple and lin-12(0); dbl-1(RNAi); sma-9(cc604)
triple mutant animals showed the same phenotype as that of
the lin-12(0) mutants. Similarly, lin-12(d); dbl-1(0) and sma-
3(RNAi) lin-12(d) double mutant animals showed the same
phenotype as that of the lin-12(d) mutants. Furthermore, we did
not see any effect on lag-2∷gfp or lin-12∷gfp expression in
either sma-9(cc604) or dbl-1(wk70) mutant backgrounds (data
not shown). Taken together, these results indicate that the
antagonism of the Sma/Mab TGFβ pathway by SMA-9 and the
LIN-12/Notch signaling pathway act independently to pattern
the M lineage along the dorsoventral axis.
A model for early M lineage patterning and fate specification
In the absence of both Sma/Mab TGFβ signaling and LIN-
12/Notch signaling (in lin-12(0); dbl-1(0) double mutants), no
M-derived SMs are generated. Instead, CCs are produced both
dorsally and ventrally. This suggests that CC is the default fate
in the M lineage in the absence of these two signaling pathways
and that both pathways are required to promote SM cell fate.
Fig. 5. A model for the roles of TGFβ and Notch signaling pathways in
patterning the early M lineage. A proposed model for how SMA-9 and the Sma/
Mab TGFβ and LIN-12/Notch signaling pathways function in the M lineage in
wild-type animals. Gray boxes represent cells of the M lineage. We propose that
in the dorsal side of the M lineage, the Sma/Mab TGFβ signaling pathway is
activated and promotes the SM cell fate. SMA-9 antagonizes this action,
resulting in the formation of CCs. LIN-12 activity is restricted to the ventral M-
derived cells by the activity of LAG-2, APX-1 and DSL-1, and it also promotes
the SM cell fate. Although SMA-9 is present in the ventral cells, it does not
antagonize LIN-12 function, due to either the lack of a SMA-9 co-factor(s) or the
lack of binding sites in the promoters of LIN-12 target genes. At present, we do
not know whether the Sma/Mab TGFβ and the LIN-12/Notch signaling
pathways promote the SM fate by activating the SM fate determinant(s) or by
activating a repressor(s) of the CC fate determinant(s).
265M.L. Foehr, J. Liu / Developmental Biology 313 (2008) 256–266Based on all our genetic data, we propose the following
model for how these two signaling pathways and SMA-9
specify the SM and CC fates along the dorsoventral axis in the
M lineage (Fig. 5). In this model, LIN-12/Notch functions on
the ventral side, whereas the Sma/Mab TGFβ signaling
functions on the dorsal side, both to promote SM cell fate.
However, SMA-9 specifically antagonizes the function of Sma/
Mab TGFβ signaling, resulting in the CC fate on the dorsal side.
At present, we do not know whether the Sma/Mab TGFβ and
the LIN-12/Notch signaling pathways promote the SM fate by
activating the SM fate determinant(s) or by activating a
repressor(s) of the CC fate determinant(s).
This proposed model can explain all of the single, double and
triple mutant phenotypes among sma-9, lin-12 and Sma/Mab
TGFβ pathway mutants and is consistent with the expression
patterns of lin-12, lag-2 and apx-1. Our model is also consistent
with the M lineage phenotypes of lin-12(d) mutants in which
SM fates are produced both ventrally and dorsally (Greenwald
et al., 1983) and with our observations that sma-9 itself is not
asymmetrically localized in the early M lineage and that forced
expression of sma-9 throughout the M lineage does not cause
any M lineage defects (Foehr et al., 2006).
SMs and CCs are descendants of the two daughters of the M
mesoblast, M.v and M.d. We believe that the first cell division
in the M lineage is not asymmetric. Instead, M.v and M.d are
likely born with the same potential to generate either the ventral
SM fate or the dorsal CC fate. The different outcome of these
two cells is due to the influence of two signaling pathways: the
LIN-12/Notch signaling pathway and the Sma/Mab TGFβ
signaling pathway. Supporting this notion, we observed no
expression of LIN-12 or its ligands prior to the 4-M stage (Figs.
2, 3 and Table 2) and lin-12 function is not required prior to the
4-M stage for proper M lineage development (Figs. 2, 3, and
Table 1). SMA-9 function is also not important at the 2-M stage,
but our previous studies point to the 4-M stage as a criticalperiod: forced expression of sma-9 between the 2-M and 6-M
stages can rescue the M lineage defects of sma-9 mutants
(Foehr et al., 2006).
In lin-12(0) or sma-9(0) mutants, we observed a complete
dorsoventral reversal of the M lineage. However, within the
dorsal or ventral half of the lineage in each mutant, cell fates
along the anteroposterior axis are maintained (Fig. 4). These
observations suggest that the LIN-12/Notch and the TGFβ
signaling pathways regulate dorsoventral polarity without
impinging on anteroposterior polarity within the M lineage.
Intriguingly, we observed that after the 10-M stage, LIN-
12∷GFP level appears to become more restricted along the
anteroposterior axis (Fig. 2). Takeshita and Sawa (2005) have
shown that the WRM-1/β-catenin expression in the M lineage is
asymmetric along the anteroposterior axis. We have also
observed M lineage fate specification defects in wrm-1 mutants
(J. L., unpublished data). Taken together, it is likely that the Wnt
signaling pathway interacts with both LIN-12/Notch and TGFβ
signaling pathways to further refine the cell fates within the M
lineage.
In summary, we have established a framework for how
dorsal and ventral cell types are distinguished in the C. elegans
postembryonic mesoderm. Our work provides a model for how
combined Notch and TGFβ signaling regulates the develop-
mental potential of two equipotent cells along a developmental
axis. Future studies on how the different signaling events are
integrated will help us to understand how different develop-
mental contexts regulate cell fates both during normal animal
development and in disease states.
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